[1] High precision relocation of earthquakes recorded by the Hawaiian Volcano Observatory (HVO) seismic network provides new information on the characteristics of seismic faulting at this oceanic hot spot. Using waveform cross correlation, we have measured correlation coefficients and travel time differences for a set of 14,605 deep (!13 km) earthquakes recorded from 1988 to 1998. We find that about half of the analyzed earthquakes are in similar event clusters that delineate fault zones in the lower crust and upper mantle. We suggest that much of this deep seismicity reflects rupture in the brittle lithosphere away from the magma pathways, although at Kilauea the stresses from magma movement may additionally help trigger mantle earthquakes on preexisting faults in regions with high differential ambient stresses. Focal mechanisms of similar event clusters throughout Hawaii display characteristic patterns and appear consistent with the hypothesis that deep earthquakes on preexisting faults reflect the stresses due to volcano loading and flexure. We also present the results of applying cross correlation analyses and relocation to $7000 earthquakes at all depths located west of 155.55°W and recorded from 1988 to 1998. The pattern of relocated earthquakes at the Kealakekua fault zone is consistent with the presence of a lowangle detachment on the west flank of Mauna Loa.
Introduction
[2] Hawaiian earthquakes have been extensively studied using local seismicity data, teleseismic waveform modeling, and historical analyses [e.g., Eaton and Murata, 1960; Butler, 1982; Aki and Koyanagi, 1981; Klein et al., 1987; Ryan, 1988; Gillard et al., 1992; Got et al., 1994; Gillard et al., 1996; Klein and Wright, 2000; Caplan-Auerbach and Duennebier, 2001; Got and Okubo, 2003 ]. Earthquakes at Hawaii can be classified into several different types [Klein et al., 1987] . There are shallow volcanic earthquakes under active calderas and rift zones associated with magma intrusions and eruptions [c.f., Tilling and Dvorak, 1993; ] and there are tectonic earthquakes, such as earthquakes on volcano flanks that release stresses imposed by volcano growth. Earthquake waveform characteristics also vary at Hawaii. High frequency earthquakes are associated with shear faulting, whereas tremor and long-period earthquakes, present both at crustal [e.g., Goldstein and Chouet, 1994] and mantle depths [Aki and Koyanagi, 1981] , likely reflect the resonance of fluid-filled conduits [e.g., Chouet, 1996] .
[3] Hawaiian earthquakes are ultimately linked to the stresses produced by the growing volcanoes, and must be viewed within the framework of volcanism in Hawaii. The island of Hawaii contains five major volcanoes: Kilauea, Mauna Loa, Mauna Kea, Hualalai, and Kohala [Peterson and Moore, 1987] . During the period of modern seismic monitoring ($1959-present) , Kilauea has been the most active volcano, since 1983 erupting in the voluminous Pu'u 'O'o-Kupaianaha eruption. From 1832 to 1950 Mauna Loa erupted 35 times, or once every 3.4 years on average, but since 1950 it has only erupted twice, in 1975 and 1984 . Hualalai is considered a dormant volcano, having last erupted $200 years ago. Mauna Kea has been inactive for several thousands of years and Kohala has been inactive for more than sixty thousand years. To the southeast of Hawaii, Loihi seamount offshore is an active volcano that erupted in 1996 [Garcia et al., 1998 ]. To the northwest of Hawaii, Haleakala on east Maui, is a dormant volcano, having last erupted $200 years ago [c.f., Bergmanis et al., 2000] .
[4] Despite the low levels of volcanism outside of Kilauea and Mauna Loa, earthquakes occur throughout the island of Hawaii and its environs [Klein et al., 1987] , forming a complex pattern that could reflect a variety of causes, including magma movement, zones of structural weakness, stresses due to volcano loading and lithospheric flexure, and thermal cooling stresses. In this paper, we apply high precision earthquake relocation methods [c.f., Got et al., 1994; Gillard et al., 1996; Shearer, 1997; Waldhauser and Ellsworth, 2000; Wolfe, 2002 ] to obtain a more accurate picture of the characteristics of deep Hawaiian earthquakes (!13 km) as well as Hawaiian earthquakes west of 155.55°W. This study expands on the work of Wolfe et al. [2003] , providing a more detailed description of the methods, data, and results as well as adding new analyses. While the study of Wolfe et al. [2003] focused on the characteristics of a mantle fault zone at 30-km depth beneath Kilauea, here we give a more detailed description of the analyses, report on the characteristics of deep earthquakes throughout Hawaii, and add a study of earthquakes at all depths west of 155.55°W (shallow events east of 155.55°W are too numerous to include in this study). We explore the patterns of deep earthquakes focusing on distinguishing magmatic versus tectonic events to understand how the growing volcanoes affect the lower crust and upper mantle. We present an analysis of earthquakes west of 155.55°W in order to determine whether the detachment fault model for crustal faulting on the south flank of Hawaii [c.f., Swanson et al., 1976; Denlinger and Okubo, 1995; Owen et al., 1995; Delaney et al., 1990 ] also applies at the west flank of Mauna Loa, as has been previously suggested from analysis of the mechanism of the 1951 magnitude 6.9 Kona earthquake [Beiser et al., 1994] and local fault plane solutions [Gillard et al., 1992] . In addition, we present refined depth estimates for 13 moderate and large earthquakes, based on very-broad-band modeling of teleseismic waveforms [Ekström, 1989] , and determine eight new centroid moment tensor solutions for smaller events.
Background
[5] From the locations of major large (magnitude ! 6.0) earthquakes since 1823 ( Figure 1a ) [Klein and Wright, 2000] , it is apparent that large earthquakes occur throughout the island of Hawaii, as well as in the regions around Maui and Molokai, although historic locations can be poor. Note that two historical earthquakes located in the Maui vicinity would be hazardous for Honolulu if they occurred today [Klein et al., 2001 ]: the magnitude 6.8 1871 ''Lanai'' earthquake and the 1938 magnitude 6.8 offshore Maui earthquake. Large earthquakes are not confined to crustal faults and can be found in the underlying mantle. The 1973 magnitude 6.2 Honomu earthquake, which occurred at $40-50 km depth beneath the northeast coast of Hawaii, in the Mauna Kea region, had an oblique strike-slip faulting mechanism [Unger and Ward, 1979; Butler, 1982; Chen et al., 1990] and caused $4 million in damage around Hilo.
[6] Figure 1b shows the locations and focal mechanisms of Hawaiian earthquakes since 1976 in the Harvard Centroid Moment Tensor (CMT) catalogue as well as eight mechanisms obtained in this study from waveform modeling of smaller, M w 4.4-5.4 earthquakes (see the appendix). Table  1 shows the depths of many of these earthquakes. Earthquakes with low-angle thrust faulting mechanisms and shallow hypocenters (mostly 7-10 km depth) occur on the southeast slopes of both Kilauea and Mauna Loa, and a similar type of mechanism has been obtained for the 1975 Kalapana earthquake [Nettles and Ekström, 2004] . These earthquakes likely reflect movement on a Wyss and Koyanagi [1992a] . We do not plot 12 earthquakes from Klein and Wright [2000] whose locations are poorly known: seven of these events are assigned in the catalog to south Hawaii, three of these events are assigned to west Hawaii, and one of these events is assigned to north Hawaii. Island coastlines are plotted as black lines. (b) Mechanisms of earthquakes in the Harvard Centroid Moment Tensor Catalog (blue) and mechanisms of M w = 4.4-5.4 earthquakes determined in this study by modified CMT analysis (red), equal area lower-hemisphere projection. The caption above each earthquake displays the month, day, and year of the event. Further information on the determination of the new CMT solutions is given in the appendix. low-angle decollement at the interface between the volcano and the preexisting oceanic crust [Swanson et al., 1976; Denlinger and Okubo, 1995; Owen et al., 1995; Delaney et al., 1990] .
[7] However, one low-angle faulting m b 5.3 earthquake at Kilauea, on February 2, 1994, occurred in the mantle at about 30 kilometers depth rather than within the crust. Figure 2 shows the pattern of local magnitude m L ! 3 earthquakes in the depth interval 20-40 km from the available HVO catalog of larger ($m L ! 1.5) earthquakes from October 1959 through 2000. Since HVO obtains two estimates of local magnitudes, one using seismic coda and the other using seismic amplitudes, we take as m L either the preferred HVO magnitude, if listed, or the larger of the coda and the amplitude magnitudes (only amplitude magnitudes were calculated by HVO prior to 1974). As observed by Wolfe et al. [2003] , there is a highly active deep seismic zone associated with Kilauea volcano (Figures 2  and 3 ). Of the 1011 m L ! 3 Hawaiian earthquakes in this depth and time interval, 42% occur in the Kilauea region (shown in Figure 3b ), making it by far the most seismically active region at depths of 20-40 km. The large numbers of m L ! 3 earthquakes suggest a zone of deep faulting at Kilauea.
[8] Plots of the cumulative number of events versus time for depths of 20 -40 km beneath Kilauea (Figure 4 ) reveal that this area generally experiences a steady rate of earthquakes rather than swarm behavior, although the aftershocks of the 1994 earthquake generated a small rate increase for a short period in 1994. These characteristics are typical of tectonic earthquakes. While the time interval and spatial region we examined did not display swarms, occasional earthquake swarms at depths of 45-65 km were observed from the early 1950s until late in 1960 [Eaton and Murata, 1960; Eaton et al., 1987] , so the characteristics of deep seismicity beneath Kilauea may change with time. The rate of earthquakes and the magnitude characteristics of earthquakes substantially changed in 1975, after the magnitude 7.5 Kalapana earthquake, which occurred at 9 km depth along the south flank at Kilauea. Although there may be issues in terms of the completeness of this catalog, as illustrated by a comparison between Figures 4a and 4c, this change could reflect the influence of a change in stress on the earthquake rates [Dieterich et al., 2000] of the deep fault system. Deep earthquakes are not confined to the Kilauea region but occur throughout much of Hawaii (Figure 2 ).
Relocation of Deep Earthquakes
[9] The accuracy of routinely determined hypocenters is limited by factors including the network geometry, the available arrival time picks, picking errors, and the presence of three-dimensional velocity heterogeneity. Thus relocations of earthquakes using relative location methods, which reduce the effects of velocity heterogeneity, combined with precise cross correlation measurements have produced more accurate locations [Got, 1994; Gillard et al., 1996; Shearer, 1997; Rubin et al., , 1999 Waldhauser and Ellsworth, 2000] and delineated fault structures. In this section, we discuss how we have applied high precision relocation methods to data from Hawaii.
[10] If two earthquakes are closely spaced compared to the scale of three-dimensional velocity heterogeneity, then the path anomalies from heterogeneity are similar. There are two types of methods developed to improve the relative locations in this situation: one approach is to estimate and remove station corrections from source regions when relocating earthquakes [e.g., Shearer, 1997; Richards-Dinger and Shearer, 2000] and the other approach is to relocate earthquakes using travel time differences [e.g., Jordan and Sverdrup, 1981; Got et al., 1994; Shearer, 1998; Waldhauser and Ellsworth, 2000; Wolfe, 2002] . The data used in these methods can be either hand picked travel times or, in the case of differencing methods, crosscorrelation travel time differences. source specific station term method of RichardsDinger and Shearer [2000] , although the results from both methods are qualitatively similar. An example set of relocated earthquakes is shown in Figure 5 . The set of earthquakes near 30 km depth collapses after relocation to a feature more localized in depth. Also, some clusters of earthquakes become more point-like features after relocation. These patterns are confirmed and mapped in greater detail when using high precision cross correlation travel time differences, as discussed in the following sections.
Relocation Using Cross Correlation Data
[12] When waveforms from earthquakes are highly similar, the errors in hand picking phase arrival times from earthquakes can be significantly reduced by using high-precision travel time differences from waveform cross correlation [Poupinet et al., 1984] . Cross correlation measurements are particularly important for S waves, whose often emergent signals are difficult to accurately pick. In this section, we apply relocation methods using travel time differences from waveform cross correlation.
[13] We first consider waveforms from 1988-1998 in the full catalog of routinely located deep earthquakes recorded by the HVO seismic network, amounting to 14,604 events spread across and around Hawaii. On the basis of waveform characteristics, seismic events at Hawaii can be classified into three types: high frequency earthquakes that indicate shear faulting, and long-period (LP) earthquakes and tremor [Aki and Koyanagi, 1981; Koyanagi et al., 1987; Chouet, 1996] that likely reflect resonance in fluid-filled conduits. The data set of deep earthquakes contains 2376 LP events, with 90% above 20-km depth, and 135 tremor events, with 90% below 30-km depth. Note that the subjective identification of LP events and tremor is made at HVO as part of their operations. The catalog we used only includes located LP events and tremor and does not include events that could not be picked and located.
[14] Precise arrival time differences for earthquake pairs were first obtained using waveform cross correlation with parameters appropriate for high frequency earthquakes. For all possible earthquake pairs with catalog distances less than 10 km apart, waveforms on the vertical component were filtered to 2 -15 Hz, sliced in 3 s (300 time sample) windows around the predicted P and S arrival times, and common phases on common stations were cross correlated to obtain arrival time differences. The analysis was restricted to the vertical components because only 14 of the 54 stations used were equipped with three components. Two events were considered similar if at least 10 waveform pairs equaled or exceeded a cross-correlation threshold of 0.6. We also required that the cross correlation function have negative values within 80 ms of the correlation peak and that the function not contain multiple oscillations above the threshold level. This restriction is designed to weed out false correlation peaks, such as from the alignment of data glitches or from the alignment of microseismic noise on seismograms with poor signal-to-noise ratio.
[15] The choice of cross-correlation threshold affects the number of relocated earthquakes. In order to investigate patterns in our data and the influence of the cross-correlation threshold, we first perform an L1 norm grid search relative relocation for all correlated earthquake pairs [Shearer, 1998] . That is, for every earthquake pair satisfying our similarity criteria, we can relocate that pair relative to the centroid of the starting locations using just the cross-correlation travel time differences for that pair. As explained by Shearer [1998] , these results form a set of unreconciled estimates of the differential locations between the earthquake pairs analyzed. For example, if for N earthquakes, all possible N(N-1)/2 pair combinations yielded quality cross correlation data, the unreconciled relocations would produce N(N-1)/2 estimates of the differential locations between these pair combinations, many more than the needed N locations. Methods that directly invert the travel time differences for relocations [e.g., Got et al., 1994; Waldhauser and Ellsworth, 2000] or that invert the unreconciled differential locations for a single best-fitting set of relative locations [Shearer, 1998 ] reconcile all of the redundancy in the differential travel times. The advantage of initially looking at the data characteristics using the L1 norm unreconciled relocations is that each pair of estimated differential locations is independent, and thus the presence of poorly constrained pairs has no effect on the relocations of other pairs. An L1 norm minimization method has the additional advantage that it is more robust with respect to data outliers than an L2 norm minimization.
[16] Figure 6 shows a plot of the L1 norm grid search unreconciled pair distance versus the rootmean square (rms) error for all pairs analyzed, both for a cross-correlation coefficient threshold of 0.8 ( Figure 6a ) and 0.6 (Figure 6b ). When the crosscorrelation coefficient threshold is set to 0.8, relocated earthquake pairs occur most frequently in bins of 0-0.5 km separation distance with RMS of 5-7 ms, although there is also a significant frequency of pairs in bins of 0.5-1.5 km with RMS 5-9 ms. When the cross-correlation coefficient threshold is lowered to 0.6, the number of relocated pairs at close distances (<2.5 km) is significantly increased, but we also obtain a large number of pairs at interevent distances of 2.5-9.5 km.
[17] Figure 7 displays plots of the pair distance versus average correlation coefficient (with 0.6 coefficient threshold) for both P and S waves as well as catalog and relocated pair distances. The original catalog locations yield very few pairs with interevent distances less then 1.5 km (Figures 7b  and 7d ), although the average cross-correlation coefficient does decrease with pair distance, as would be expected from the effects of scattering [Menke, 1999] . Figures 7a and 7c show the pattern of the average cross-correlation coefficient versus distance when the events are relocated, which in contrast shows a high frequency of events at close distances (<2.5 km). In this case, at close distances (<2.5 km), the average cross correlation coefficient decreases rapidly with distance, whereas at further distances (>2.5 km) it decreases more slowly. An analogous type of pattern has been observed for earthquakes at Parkfield [Nadeau et al., 1995] . Our analysis of original catalog pair distance versus the relocated distance demonstrates that beyond 6.5 km catalog pair distance, few pairs relocate at much shorter pair distances, which supports our choice of a 10 km catalog distance cutoff for the cross-correlation, since most correlated pairs are relatively mislocated by only a few kilometers.
[18] Because we are interested in relocating the maximum number of earthquakes possible, we analyze data with a cross correlation coefficient of 0.6. However, we found that relocations with the full data set were not successful in reducing the RMS error to the $10 ms levels indicated in Figure 6b , nor were the patterns of relocated earthquakes qualitatively similar to the patterns found using data with a 0.8 correlation coefficient threshold. We believe problems occurred because earthquake pairs with large separation distance (>$2 km) were included. There are two reasons such data would impair the relocations.
(1) Earthquake pairs at large distances are not true multiplets (events with very similar waveforms), thus the travel time difference will no longer depend only on the arrival time difference but can also be affected by the relative waveform shapes. This effect will reduce the accuracy of the travel time differences at larger distances.
(2) At large distances, the assumption that the path anomalies for two earthquakes are similar will be less valid (see Wolfe [2002] for further discussion on the issue of how pair linkages operate). Both of these two effects likely contribute to the increase in RMS error with pair distance in Figure 6b .
[19] In order to reduce these effects, the relocations for a 0.6 cross correlation threshold used a filtered subset of event pairs, which only included a pair if its L1 norm, grid search, unreconciled relative locations from the cross-correlation data were less than 2 km apart. A second set of data was also examined where the cross-correlation threshold was raised to 0.8 with no removal of event pairs. The patterns of relocated deep earthquakes from both sets of data are similar, and do not affect our interpretations, although the data subset with a correlation threshold of 0.6 yields 30% more relocated earthquakes from lower signal-to-noise events. As discussed later, visualization of waveforms at individual stations using the predicted P wave arrival times can be used to confirm the accuracy of the relocations.
[20] Cross-correlation data were used to relocate deep earthquakes by both the method of Waldhauser and Ellsworth [2000] and that of Shearer [1998] (using only cross-correlation data). We use a velocity model based on Klein [1981] and given in Table  S1 of Wolfe et al. [2003] . 
Characteristics of Deep Earthquakes
[21] The relocation of all deep events is presented in Figure 8 . The cross correlation data were able to relocate 7005 hypocenters, or 48% of the analyzed events. This calculation is a minimum estimate of the number of similar events, because pairs will not correlate highly if the signal-to-noise ratio is low: small magnitude events that are displaced far from stations, such as small, deeper earthquakes, are more difficult to constrain. Families of highly correlated earthquakes occur when there are closely spaced clusters with similar focal mechanisms, as at fault zones. Hence relocated clusters identify fault zones in the lithosphere beneath Hawaii. Our analyses relocated many clusters of earthquakes parallel to the southeast coast of Hawaii at depths of 25-50 km (Figure 8 ), indicating the existence of several tectonic fault zones in the mantle throughout this region.
[22] A plot of relocated earthquakes versus origin time reveals that most of these fault zones were faulting mechanisms (Figure 1b) . These different fault mechanisms between the 1996 and 2001 earthquake swarms suggest there may be differences in the underlying processes driving this seismic activity. On the basis of petrologic, geologic, and seismic data, Caplan-Auerbach and Duennebier [2001] suggest that the initial phase of earthquakes in the1996 swarm triggered drainage of a magma chamber, which lead to formation of a pit crater and caused a second phase of earthquakes in the swarm. Whereas the 1996 swarm may have reflected magma chamber drainage and normal faulting, it may be that the 2001 swarm with reverse faulting was associated with refilling of Loihi's summit magma chamber; a more definitive interpretation would, however, require higher precision constraints on the locations and depths of the earthquakes in these two swarms.
Earthquakes at Kilauea
[23] As described in Wolfe et al. [2003] , one of the main features of the relocated seismicity at Kilauea is that a cluster of earthquakes near 30-km depth collapses to reveal a horizontally aligned fault zone (Figure 9a ). This same pattern occurs if we relocate data using a high cross correlation cutoff of 0.8 ( Figure 9b ) and visualization of waveforms for the data in Figure 9a confirms the accuracy of the solutions (Figure 10 ). The distribution of relocated earthquakes also reveals several small, spatially distinct and unconnected fault zones, including ones that extend deeper offshore. There are few earthquakes relocated between 16-24 km depth. Below 16 km depth the events that we relocated do not suggest a magma conduit through the lithosphere, and such a feature also is not obvious in the patterns of the unrelocated earthquakes (see Figure 2c of Wolfe et al. [2003] ).
[24] While 632 earthquakes (of which 335 are LP events) were relocated at depths shallower than 16 km, 2163 earthquakes located 13 -20 km beneath Kilauea did not correlate and 1731 of these are LP events that may reflect magmatic processes.
In a separate analysis of 2377 LP events, we used 21.5-s time windows (sliced À1.5 s before the predicted P wave arrival time), bandpass filtered the seismic data at 1-15 Hz, and applied a correlation threshold of 0.4. Analyses of the L1 norm unreconciled pair distance versus correlation coefficient reveals that although original distances for correlated pairs tend to span a few kilometers, the highest concentration of unreconciled relocated pairs is at distances less than 0.5 km apart. Using pairs with unreconciled pair distances less than 0.5 kilometer, we relocated 1256 LP events at Kilauea (Figure 11 ). In these relocations, a cylindrical cloud of seismicity at 13-20 km depth collapses to a more localized feature at 14-16 km depth. These relocations used a P wave velocity model, but we obtain a very similar pattern using an S wave velocity model. However, the seismic Moho in our velocity model is at 15.7 km depth, and we find that the maximum depth of this localized zone of earthquakes does correspondingly deepen when we employ a velocity model with a Moho at 18 km depth.
[25] We apply a cluster analysis using a joining algorithm [Hartigan, 1975] to the waveforms of relocated LP earthquakes, using the cross correlation coefficient between pairs of waveforms as a measure of similarity. This process orders waveforms so that similar waveforms will be placed closer together and dissimilar waveforms will be placed farther apart. Clustering (Figure 12 ) reveals that these LP earthquakes can be sorted into two sets with distinct waveforms. The first set (events $1-372 in Figure 12b ) has lower frequency wave- Figure 10 . Waveforms for relocated earthquakes near 30 km depth (Figure 9a ) at station MLO. Earthquakes are sorted by latitude. The x axis give the trace number and the color scale is proportional to the amplitude, which is normalized by the maximum amplitude in a À0.2-0.5 s window around the predicted P arrival. (a) Waveforms sliced around the predicted P wave arrival time using catalog parameters. (b) Waveforms sliced around the predicted P wave arrival time using relocated parameters. Notice that using the relocated parameters significantly sharpens the P wave arrival and its coda, although some small relative mislocation occurs in parts of the cluster. forms than the second set (events $373-1271).
The depths of the second set are localized (Figure 12a ) near 15 km, whereas the depths of the first set are more diffuse and typically several hundred meters shallower than the first set. These patterns suggest that the LP earthquakes may occur from two nearly point-like sources, with one lowerfrequency source located above a higher-frequency source. The larger spread in depths for the lower frequency source (Figure 12a ) may reflect some remaining mislocation, as indicated by the diffuse P wave onsets in the waveform plot (Figure 12b ). The lower frequency waveforms likely produce greater cross-correlation errors. At shallower depths beneath Kilauea, it has also been found that LP earthquakes with different spectral contents occur at different locations [Almendros et al., 2002] .
[26] The presence of a tectonic fault zone near 30-km depth is supported by the mechanisms of the earthquakes [Wolfe et al., 2003] . Figure 13 shows the best double couple mechanism for the 1994 m b 5.3 earthquake from the Harvard centroid moment tensor catalog [Dziewonski et al, 1994] , which occurred at a depth of $31 km (Table 1) . For larger events ($m L > 1.5), catalog travel time picks and phase polarities were available from 1974 to 2000. Composite mechanisms using FPFIT [Reasenberg and Oppenheimer, 1985] for earthquakes with catalog locations near the 30-km deep cluster (Figure 9 ) indicate that the dominant style of faulting is similar to the mechanism of the 1994 m b 5.3 earthquake. The increase in the FPFIT misfit function as the earthquake magnitude decreases ( Figure 13 ) likely indicates greater picking errors for smaller events and perhaps some true 
Earthquakes Throughout Hawaii
[27] In addition to the fault zone at Kilauea, our analyses relocated many clusters of earthquakes parallel to the southeast coast of Hawaii at depths of 25-50 km (Figures 8a and 14a) , indicating the existence of several tectonic fault zones in the mantle throughout this region. Our analyses did not find correlated deep clusters of high frequency earthquakes at Mauna Loa volcano, which was not erupting during the time period 1988-1998 (but a small swarm of 15 LP earthquakes over 8 days beneath Mauna Loa was relocated near 30 km depth). However, several fault zones were found to the southeast of Mauna Loa at depths of 25-50 km (Figures 14a and 14b) . Note that the large numbers of earthquakes near 19.4°N and 155.55°W at 13-15 km depth are part of the Kaoiki fault zone [c.f., Jackson et al., 1992] , which is located within the crust. Further study including shallower earthquakes in the analyses would be needed to more fully describe the earthquake characteristics at Kaoiki. [28] At Mauna Kea, we find that the relocated earthquakes at depths of 15-50 km form a ring around the summit (Figure 14c ). Patterns of ring seismicity have been observed under other volcanoes, such as for earthquakes at 0-4 km depth at Rabaul caldera in Papua New Guinea [Mori and McKee, 1987] and earthquakes at mostly 7-14 km depth at Mount St. Helens [Scandone and Malone, 1985] . While shallow ring faulting at volcanoes may be associated with shallow magma-chamber processes [c.f., Nettles and Ekström, 1998 ], the cause of the deeper events at Mauna Kea is less clear.
[29] Because the mechanisms for individual earthquakes obtained from first motion polarities can be strongly affected by polarity picking errors, we instead calculate composite mechanisms for clusters of similar events using the FPFIT method [Reasenberg and Oppenheimer, 1985] . Composite mechanisms from similar event clusters yield more accurate focal mechanisms than can be obtained for individual events by reducing the effects of inconsistent polarity picks [c.f., Shearer et al., 2003] . The HVO picked polarities are taken from the headers of the waveform data. The waveform cross-correlation linkages are used to associate earthquakes into clusters and the relocated hypocenters are used for calculating takeoff angle and azimuths. Only clusters with 5 or more earthquakes are examined. On the basis of visual inspection of the solutions, we discard poorly constrained mechanisms, where the solution misfit is high, the focal sphere coverage is inadequate, or the data patterns are ambiguous. Since several earthquakes in the southeast offshore region yielded similar results, we combine these clusters and obtain a single composite mechanism, although these offshore results should be considered more speculative due to the incomplete coverage. Figure 15 shows several examples of the data and solutions, which provide an indication of the quality of the mechanisms. [30] Figure 16 displays the composite mechanisms from this analysis as well as mechanisms from the analysis of earthquakes west of 155.55°W (see next section). The caption above each mechanism indicates the average depth of the cluster. Also plotted are the solutions from waveform modeling of several large earthquakes, such as the 1994 m b 5.3 earthquake [Dziewonski et al., 1994] , the 1973 Honomu earthquake [Unger et al., 1979; Butler, 1982; Chen et al., 1990] , and the m b 5.5 earthquake in the west offshore region. Earthquakes in different depths and regions show consistent patterns of mechanisms. For instance, earthquakes near Mauna Kea at 26-32 km depth have reverse faulting mechanisms, most earthquakes at 26 -41 km depth near the southeast coast have mechanisms similar to the 1994 m b 5.3 earthquake (with one fault plane having seaward slip on a moderate to low-angle plane), and earthquakes northwest of Kilauea at 14 km depth have reverse faulting mechanisms. These consistent patterns suggest that several groups of fault zones may reflect similar underlying processes.
Earthquakes West of 155.55°°W
[31] We relocate earthquakes west of 155.55°W by combining the deep waveform data with waveforms from 3963 shallow earthquakes west of 155.55°W recorded from 1988-March 1998. The combined data set yields waveforms for 6673 earthquakes west of 155.55°W. We apply the cross correlation and relocation methods discussed in section 3 to this data set. Unlike the case for deep earthquakes (Figure 7 ), most earthquake pairs obtained using a cross-correlation threshold of 0.6 have unreconciled relocated pair distances of 2.5 km or less (Figure 17 ). The correlation coefficient between earthquake pairs likely depends on a number of factors, including ray path geometry, station distances, focal mechanisms, earthquake magnitudes, and the scattering properties of the medium. The different patterns in correlation coefficient versus pair distance for the two data sets (Figures 7 and 17 ) may occur because for deeper earthquakes the takeoff angle to nearby stations changes more slowly with location than for shallow earthquakes, thereby affecting how rapidly the seismic radiation pattern changes with pair distance.
[32] We are able to relocate 3623 earthquakes using a cross-correlation threshold of 0.6; the results are similar whether or not we use a filtered subset of event pairs, which only includes a pair if its L1-norm, grid search, unreconciled relative locations from the cross-correlation data are less than 2 km apart. Figure 18 displays the results of relocation. The boxed region in Figure 18 indicates Figure 16 . Map of composite mechanisms obtained at Hawaii. Earthquakes are sorted into clusters based on the linkages from waveform cross correlation, then composite mechanisms are obtained for each cluster. Only betterconstrained mechanisms are plotted. The average depth of the cluster is indicated in the caption above each mechanism. We also plot the mechanisms and centroid depths of three large, deep earthquakes from waveform modeling. The mechanisms and depths for the 1973 Honomu earthquake, which was made up of two subevents, are from Wang-Ping Chen (personal communication, 2003) , while the other large earthquakes are as in Figure 1b . [1992b] , have suggested that this south Kona gap is a region of strain accumulation and could be a likely place for a future large earthquake, but alternatively slip could be aseismic in this region.
[33] Figure 19 displays a vertical cross section of earthquake longitude versus depth for the region around the Kealakekua fault zone. The original locations in this region show a large spread in depth (Figure 19b ), but upon relocation, the hypocenters become more localized in depth (Figure 19a ). The pattern of seismicity is consistent with the suggestion that, like the south flank of Hawaii, the Kealakekua fault zone reflects an inland-dipping low-angle detachment. In accordance with this hypothesis, composite mechanisms from clusters of similar relocated earthquakes in west Hawaii generally yield a solution with one fault plane having seaward slip on a low-angle plane (Figure 16 ).
[34] Some clusters of correlated earthquakes, indicating fault zones, are located in the region offshore of west Hawaii. There are several correlated earthquakes near 19.2°N, 156.4°W, and 40 km depth. This region experienced an m b 5.5 earthquake in 1991, but the relocated earthquakes are not all immediate aftershocks of this earthquake. Instead they are spread throughout the study period, indicating a continuously active fault zone. CMT modeling of the m b 5.5 earthquake yields a depth of 26.9 km and modeling of teleseismic P waves [Ekström, 1989] also supports a depth near 28 km (Table 1) .
[35] In contrast, most offshore earthquakes near 19. 9°N, 156.4°W occurred in 1988 and are likely aftershocks of the three large offshore earthquakes that occurred in 1987 and 1988 (Figure 1b) . The HVO catalog depths of earthquakes in this area are bimodal, with some being shallow (mostly 0 km depth) and others being deep (mostly 40-60 km depth). To test whether these earthquakes could be in a single cluster at a similar depth, we cross correlate all earthquakes in this region without a distance cutoff. Figure 20 shows the RMS of the unreconciled L1 norm grid search relocations versus either relocated pair distance (Figure 20a ) or the original pair distance ( Figure 20b) ; relocation of correlated event pairs removes the bimodal spread in pair distances, indicating that these earthquakes originate at a common depth. Full relocation using the method of Shearer [1998] also removes the bimodal depth character, but relocations of the cluster using the method of Waldhauser and Ellsworth [2000] require several hundred iterations to move these earthquakes close together, which may be due to the large mislocations in the initial hypocenters and the weak depth resolution of these data. Thus it appears that the spread in depths in the initial locations is an artifact of these events being far outside of the HVO seismic network, where depths can be poorly constrained. Although these high precision relocations do not place good constraints on the absolute depth of the cluster [c.f., Wolfe, 2002] , teleseismic P wave modeling using the method of Ekström [1989] yields depths of 9.5 and 9.6 km for the earthquakes of 02/04/1987 and 03/28/1988 (Table 1 ) and a shallow depth is also obtained for the earthquake of 03/25/1988 (Table A1) . These three shallower earthquakes may occur on faults that are somehow related to the offshore rift zones of Hualalai or Kohala volcanoes, or with Mahukona volcano. The 02/21/ 1976 earthquake (Figure 1b ) may also be associated with these offshore features and the 04/26/1986 earthquake could be associated with the Hana ridge, which is Haleakala's submarine east rift zone.
Discussion
[36] The cross-correlation relocation and focal mechanisms of deep earthquakes throughout Hawaii provide evidence of abundant tectonic fault zones in the lower crust and upper mantle. At Kilauea, it has been suggested [Eaton and Murata, 1960; Klein et al., 1987; Ryan, 1988; Tilling and Dvorak, 1993 ] that earthquakes outline a pipe-like magma conduit that extends through the lithosphere to depths as great as 60 km, thereby delineating the magma pathway from its source to the surface. The LP earthquakes at 14-16 km depth (Figure 11 ), which are likely generated at On the basis of constraints from seismic and gravity data [Hill and Zucca, 1987] , these relocated shallower LP earthquakes could occur just above the base of the crust at Kilauea.
[37] However, below about 16 km depth, our study demonstrates that many high-frequency earthquakes near Kilauea are focused on an active fault zone at 30-km depth, with seaward slip on a low-angle plane, and other smaller, distinct fault zones. These earthquakes predominantly reflect tectonic faulting in the brittle lithosphere rather than magma movement associated with volcanic activity. The association of this highly active and long-lived seismic zone (Figure 2 ) with the frequently erupting Kilauea volcano implies that the tectonic faulting may be triggered by stresses of magmatic origin, although the background stresses from volcano loading and flexure may help bring faults close to failure. In a study of the 1983 dike intrusion at Kilauea ], earthquake characteristics indicated that the intrusion may have induced seismicity on preexisting faults in regions of significant ambient (i.e., preintrusion) differential stress. Elastic stress modeling is also consistent with the idea that dike-induced seismicity reflects the distribution of ambient stresses that are near to failure and does not necessarily reflect the extent of the dike ]. Analogously, the highly active 30-km deep fault zone beneath Kilauea may reflect magma-induced seismicity on preexisting faults in a region of significant ambient stresses from volcano loading and flexure.
[38] For earthquakes below 23 km depth near the coast of Hawaii, both onshore and offshore, many mechanisms have one fault plane exhibiting lowangle or moderate dip and seaward (coast perpendicular) slip of the hanging wall ( Figure 16 ). These mechanisms may be consistent with the patterns of stresses predicted from some finite element models of volcano loading and plate flexure for Tharsis volcano on Mars [McGovern and Solomon, 1993] . In such models, at some depths in the lithosphere near the edges of a sloping volcano, the maximum compressive stress is inclined from vertical and is directed radially outward (i.e., having components both downward and radially outward) and the minimum principal stress is also in the radial plane. This type of stress field would produce seaward (coast normal) slip on preexisting faults, as generally observed around Hawaii's perimeter at depths of $24-41 km (Figure 16 ). For some of these models, at greater depths near the perimeter of the volcano, the maximum principal stress is near horizontal and radial and the minimum principal stress is out of the radial plane (i.e., circumferential), which would be consistent with the oblique strike-slip mechanism of the 1973 41-44 km deep Honomu earthquake and the strike-slip 43 km deep earthquake of 12/09/1991. Directly beneath the volcano center, the models of McGovern and Solomon [1993] predict at shallow depths that the maximum principal stress is horizontal and radial and the minimum principal stress is vertical. This stress field could produce the reverse faulting earthquakes seen under Mauna Kea. At deeper depths directly beneath the volcano center, the maximum principal stress becomes vertical and the minimum compressive stress becomes horizontal and radial, which would produce normal faulting.
[39] Thus a comparison of pattern of mechanisms with the stresses predicted from finite element models suggests that deep earthquakes at Hawaii may reflect ambient stresses from volcano loading and flexure acting on preexisting faults, although further finite element modeling work specific to Hawaii is needed to better assess this hypothesis. It is also not clear whether the several reverse faults northwest of Kilauea at 14 km depth are due to the effects of volcano loading and flexure or are due to the buttressing of the growing Kilauea volcano by Mauna Loa.
[40] Both the focal mechanism analyses (Figure 16 ) and the patterns of relocated seismicity at the Kealakekua fault zone (Figure 19 ) are consistent with the hypothesis that there is an inland-dipping low-angle detachment fault beneath the west flank of Mauna Loa with seaward slip that likely occurs at the boundary of the volcano edifice and the oceanic crust [Gillard et al., 1992; Wyss and Koyanagi, 1992b; Beiser et al., 1994] . Since 1950, Mauna Loa has erupted only twice, so the earthquake activity on the Kealakekua fault zone recorded by the modern HVO seismic network may presently have lower moment rates than in previous times. The moment rate may correspondingly increase if Mauna Loa experiences increased volcanic activity and rift zone expansion, which would drive faulting on the detachment. Indeed, the magnitude 6.9 Kona earthquake occurred in 1951 following the period from 1832 to 1950 when Mauna Loa erupted once every 3.4 years on average.
Conclusion
[41] The relocations, waveform, and focal mechanism analyses for earthquakes in Hawaii presented in this paper provide a new view of tectonic processes and improve our understanding of the causes of earthquake hazards in regions away from the southeast flank. Cross-correlation relocation of deep earthquakes provides evidence of many tectonic fault zones in the lower crust and upper mantle, and the characteristics of deep earthquakes are consistent with stresses from volcano loading and flexure acting on preexisting faults. At Kilauea, the stresses from magma movement may additionally help trigger mantle earthquakes on preexisting faults in regions with high differential ambient stresses. Long-period earthquakes at $14-16 km depth beneath Kilauea could indicate resonance of two portions of a magma conduit in the lower crust. At the Kealakekua fault zone, the patterns of relocated seismicity and focal mechanisms are consistent with the existence of a seismically active detachment between the volcano edifice and the oceanic crust.
154°-157°W for which the National Earthquake Information Center (NEIC) listed a magnitude M > 5.0, and for which the Harvard CMT catalog does not contain a solution. We excluded events in the Kilauea region, as numerous solutions for larger events in this area can be found in the CMT catalog. We also attempted solutions for several smaller (M < 5.0) earthquakes near Loihi seamount. Of the 13 events considered, five were too small or too noisy for successful analysis.
Results for the eight events successfully analyzed are presented in Figure 1 and Table A1 ; the complete source parameters in the standard Harvard CMT electronic format are available from the authors. We do not consider the centroid locations determined here to provide better locations for these events than the hypocenters determined by HVO and the NEIC, though in several cases we were able to improve on reported standard depths (0 or 33 km). The depths of shallow events were constrained to remain greater than or equal to 12 km in our analysis, to prevent instabilities in the retrieval of the vertical dip-slip components of the moment tensor that can occur at shallower depths.
